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GRAPHICAL  ABSTRACT 


►  The  thermal  behavior  of  a  nano-LixSi 
anode  in  electrolytes  has  been 
investigated. 

►  The  thermal  runaway  is  delayed  by 
~50  °C  in  the  presence  of  FEC  and 
VC  additives. 

►  We  identified  two  mechanisms  of 
LixSi  protection  by  the  additives 
during  heating. 

►  FEC  and  VC  electrochemically 
generate  a  thermally  stable  SEI 
covering  the  LixSi. 

►  A  robust  “secondary  SEI”  is  formed 
by  thermal  degradation  of  FEC  and 
VC. 
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The  thermal  behavior  of  the  fully  lithiated  nano-silicon  electrode  in  contact  with  an  1  M  LiPFg  in  EC/DEC 
electrolyte  is  investigated  by  differential  scanning  calorimetry  (DSC)  in  the  absence  and  presence  of 
fluoroethylene  carbonate  (FEC)  and  vinylene  carbonate  (VC)  electrolyte  additives.  In  the  additive-free 
electrolyte,  intense  exothermic  reactions  commence  at  approximately  153  °C  when  in  contact  with 
LixSi.  At  contrast,  the  onset  temperature  of  the  thermal  runaway  is  shifted  to  200  °C  and  214  °C  when  the 
charged  LixSi  is  heated  in  the  presence  of  FEC  and  VC  in  the  electrolytes,  respectively.  The  mechanism  of 
this  thermal  stability  improvement  by  FEC  and  VC  is  studied  using  attenuated  total  reflection  Fourier 
transform  infrared  spectroscopy  (ATR-FTIR)  and  by  specific  measures  to  design  the  SEI  on  the  surface  of 
the  nano-Si  particles.  The  additives  form  a  robust  “primary  SEI”  on  the  surface  of  the  LixSi  particles 
during  the  first  charge  that  is  rich  in  polycarbonate  species  and  stable  at  elevated  temperatures.  In 
addition,  the  thermal  degradation  of  FEC  and  VC  in  the  electrolyte  solution  yields  a  highly  resistive 
“secondary  SEI”  on  the  electrode  surface  that  covers  the  lithiated  silicon  electrode  (together  with  the 
“primary  SEI”)  and  protects  it  from  thermal  runaway  up  to  200  °C. 
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1.  Introduction 

The  stringent  safety  requirements  for  large-scale  lithium-ion 
batteries  (LIBs)  are  some  of  the  main  obstacles  slowing  down  their 
commercialization  for  electric  vehicle  and  stationary  applications. 
Over  the  last  decades,  active  development  of  the  LIB  technology  has 
markedly  enlarged  the  technology’s  specific  energy;  increased 
amounts  of  energy  can  now  be  stored  per  unit  of  LIB  mass  [1-4]. 
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Because  the  electrolytes  used  in  LIBs  are  usually  volatile  and 
flammable  [5-8]  and  the  active  electrode  materials  are  either 
highly  reducing  or  highly  oxidizing  agents  in  a  charged  state,  the 
risk  of  a  thermal  runaway  is  of  major  concern.  Since  the  first 
lithium-ion  battery,  which  was  based  on  petroleum  coke/LiCo02 
chemistry,  was  commercialized  in  1990  by  Sony  Co.  [9],  a  number  of 
accidents  related  to  this  technology  have  been  reported  each  year, 
including  the  spontaneous  fire  or  explosion  of  LIBs  and  LIB  packs 
[10].  Heat  distribution  and  transfer  within  a  lithium  battery  can  be 
controlled  by  engineering  measures,  such  as  the  proper  design  of 
electrodes  and  cells  as  well  as  monitoring  of  the  cell  conditions  [11  ]. 
Vents  and  current-interrupt  devices  (CIDs)  can  be  added  to  respond 
to  a  sudden  increase  in  pressure,  current  flow,  temperature,  etc. 
[1,10].  Yet,  sometimes  these  devices  still  prove  insufficient  for 
preventing  fast-rate  exothermic  reactions  between  the  cell 
components.  For  this  reason,  major  attention  must  be  paid  to  the 
prevention  of  thermally  induced  reactions  inside  batteries  [12,13] 
and  the  cell  chemistry  needs  to  be  designed  in  a  way  that  the 
impact  of  thermal  reactions  on  the  safety  of  the  cell  is  minimized. 

Lithium  storage  metals,  such  as  Si,  Sn,  etc.,  have  been  exten¬ 
sively  studied  since  decades  [14-16].  Usually,  nano-sized  and 
nanostructured  materials  lithium  storage  active  material  and 
composites  are  applied,  as  they  show  better  cycling  behavior  [17- 
20].  Nano-sized  silicon  continues  to  be  extensively  studied  as  an 
active  material  for  negative  electrodes  in  LIBs.  The  superior  specific 
capacity  (approximately  3500  mAh  g_1  during  long-term  cycling 
[21])  of  nano-sized  silicon,  along  with  its  abundance  on  earth  and 
non-toxicity,  makes  it  very  attractive  for  use  as  an  electrode 
material  in  LIBs  [22-25].  The  fabrication  of  nano-sized  morphol¬ 
ogies  allowed  LIB  technology  to  overcome  the  low  electronic  and 
ionic  conductivity  problems  frequently  associated  with  Si-based 
electrode  materials  [26]  and  also  to  alleviate  the  volume  expan¬ 
sion  problem  related  the  strong  structural  changes  during  Li 
insertion  and  contraction  [27-29].  Researchers  have  been  rather 
enthusiastic  about  the  synthesis  of  nano-silicon  in  a  variety  of 
morphologies  (including  powders,  tubes,  fibers,  rods,  electrode¬ 
posits,  various  composites  with  graphite)  and  by  the  electro¬ 
chemical  properties  of  electrodes  using  nano-silicon  [22-25,30- 
35].  However,  the  thermal  stability  of  the  nano-silicon  electrode, 
when  in  contact  with  the  electrolytes  used  in  LIBs,  has  been 
minimally  explored  [36,37].  The  electrochemical  reactivity  of 
lithium  storage  metals  and  alloys  with  the  electrolyte  is  different  to 
that  of  graphite  [38-41].  This  is  also  true  for  the  thermal  stability. 
Our  previous  study  was  focused  on  the  thermal  decomposition 
mechanism  of  lithiated  nano-silicon  electrodes  in  contact  with  EC/ 
DEC  1  M  LiPF6  electrolytes;  these  studies  were  carried  out  with 
a  combination  of  DSC  and  ATR-FTIR  spectroscopy  methods  [37].  It 
was  found  that  the  thermal  reactions  between  the  lithiated  silicon 
electrode  and  the  electrolyte  were  initiated  at  approximately  77  °C, 
although  the  largest  amount  of  heat  was  generated  between  150 
and  300  °C.  The  origin  of  the  exothermic  peaks  in  the  DSC  ther¬ 
mograms  was  identified  with  ATR-FTIR  spectroscopy.  The  role  of 
the  electrolyte  salts  LiPF6  and  LiTFSI  in  the  thermal  stabilization  of 
LixSi  was  also  elucidated. 

The  importance  of  the  solid  electrolyte  interphase  (SEI)  layer 
that  is  formed  predominantly  on  the  surface  of  the  negative  elec¬ 
trode,  which  has  operating  potentials  below  the  thermodynamic 
stability  window  of  the  organic  electrolyte  solution,  is  well  recog¬ 
nized  today.  The  chemical  structure  and  morphology  of  the  SEI 
layer  can  critically  influence  the  safety,  cycle  life,  power  capability, 
side  reactions  and  shelf  life  of  a  LIB  [42-47].  The  use  of  electrolyte 
additives  effectively  enables  modifications  to  the  electrochemical 
and  thermal  properties  of  the  electrolyte/electrode  interface.  The 
SEI-forming  electrolyte  additives  readily  decompose  on  the  elec¬ 
trode  surface  via  an  electrochemical  process,  which  occurs  prior  to 


the  decomposition  of  the  main  electrolyte  components,  such  as  EC 
and  LiPF6,  and  thus  forms  a  robust  protective  film  [48-52].  This 
process  is  favored  by  the  low  energy  level  of  the  lowest  unoccupied 
molecular  orbital  (LUMO)  resulting  from  the  chemical  structure  of 
the  additive  [53,54].  Structural  modifications  of  the  ethylene 
carbonate  molecule  with  a  double  bond  (giving  VC)  or  substitution 
of  the  halogen  atoms  (giving  FEC)  can  both  cause  large  decreases  in 
the  LUMO  level  [53].  Numerous  works  have  reported  improve¬ 
ments  of  the  electrochemical  properties  of  conventional  graphite 
anodes  via  the  introduction  of  VC  or  FEC  to  the  electrolyte  solution 
[53-64].  Moreover,  these  additives  have  been  successfully  imple¬ 
mented  in  the  silicon-based  electrode  and  further  increase  its  cycle 
life  [65-68].  Although  unsaturated  and  halogenated  organic 
carbonates  are  well  known  to  be  effective  SEI-forming  electrolyte 
components  for  use  in  LIBs  [69-71],  their  protective  function  at 
elevated  temperatures  has  only  been  recognized  recently.  Herstedt 
et  al.  investigated  the  thermal  stability  of  graphite  after  cycling  in 
a  VC-containing  electrolyte  using  the  DSC  method  [72].  They  found 
that  the  onset  temperature  of  the  exothermic  reaction  of  the 
electrode  was  shifted  from  70  °C  to  110  °C  when  cycled  in  the 
presence  of  an  additive.  This  effect  was  caused  by  the  formation  of 
a  polymeric  species  on  the  electrode  surface  and  a  small  amount  of 
salt  products  that  were  observed  in  the  composition  of  the  VC- 
derived  SEI  layer.  Lee  et  al.  described  the  function  of  vinylene 
carbonate  (VC)  for  the  protection  of  graphite  electrodes  based  on 
cycling  analyses  carried  out  at  80  °C.  The  enhanced  cycling 
performance  of  graphite  in  the  presence  of  2  wt%  VC  was  ascribed 
to  the  formation  of  a  polyvinylene  carbonate-based  SEI  layer  on  the 
electrode  surface  [73].  The  thermal  stability  of  the  EC/EMC  1.1  M 
LiPF6  electrolyte  was  improved  via  the  incorporation  of  1  wt%  VC 
[59].  Fluoroethylene  carbonate  was  successfully  used  for  the 
enhanced  cycling  stability  of  a  silicon  nanowire  anode  and 
a  LiMn204/graphite  cell  analyzed  in  an  alkyl  carbonate  electrolyte 
solution  at  60  °C  [68,74].  Previously,  we  have  described  an 
improvement  to  the  thermal  resistivity  of  graphite  when  in  contact 
with  an  electrolyte  via  the  introduction  of  FEC  into  the  EC/EMC  1  M 
LiPF6  solution,  both  with  and  without  the  use  of  ionic  liquids 
[75,76].  The  central  stage  in  all  the  works  listed  above  was  taken  by 
the  specific  chemical  composition  of  the  SEI  layer  that  was  formed 
by  the  ethylene  carbonate  derivatives,  as  the  composition  affected 
both  the  cycling  performance  and  the  thermal  stability  of  the 
lithium-ion  cells.  However,  the  thermal  decomposition  mechanism 
of  the  carbonate-based  electrolyte  additives  that  were  in  contact 
with  the  electrodes  in  the  LIBs  has  not  yet  been  comprehensively 
explored.  In  fact,  there  have  been  no  investigations  on  the  high- 
temperature  stability  of  nano-sized  silicon  in  contact  with  elec¬ 
trolytes  that  contain  unsaturated  or  halogenated  ethylene 
carbonate  derivatives. 

This  work  intends  to  fill  the  gap  in  the  literature  by  revealing  the 
role  of  VC  and  FEC  as  electrolyte  components  in  the  thermal  reac¬ 
tions  between  the  lithiated  silicon  nano-powder  and  the 
carbonate-based  electrolyte  when  using  the  DSC  method.  Our  main 
interest  is  in  the  factors  that  are  responsible  for  initiating  the 
generation  of  exothermic  heat.  The  mechanism  of  lithiated  silicon 
protection  at  elevated  temperatures  is  proposed  based  on  SEI 
modeling  experiments  and  ATR-FTIR  observations. 

2.  Experimental 

The  details  of  the  Si  nano-powder  synthesis  procedure  were 
reported  in  our  previous  work  [37].  A  Si-based  electrode  was 
prepared  by  mixing  80  wt%  Si  nano-particles,  8  wt%  Super-P 
(Timcal,  Switzerland)  and  12  wt  %  sodium  carboxymethyl  cellu¬ 
lose  (Na  CMC,  Dow  Wolff  Cellulosics,  Germany)  aqueous  solution  in 
an  Ultra-Turrax  dispenser.  The  resulting  slurry  was  cast  onto  a  Cu 
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foil  with  a  Doctor  Blade  coater,  which  had  its  height  setting 
adjusted  to  120  pm.  The  electrode  was  pre-dried  at  80  °C  for  1  h 
before  being  punched  and  further  dried  at  120  °C  in  a  vacuum  oven 
for  20  h.  The  mass  loading  of  the  electrode  was  approximately 
1.7  mg  cm-2. 

The  electrochemical  lithiation  of  the  Si-based  electrodes  was 
conducted  in  a  three-electrode  Swagelok  cell  with  Li  metal  used 
for  both  the  counter  and  reference  electrodes  and  employing 
a  Maccor  S4000  Battery  Tester.  The  compositions  of  the  elec¬ 
trolyte  solutions  used  in  this  investigation  are  presented  in 
Table  1.  A  constant  current  of  0.1  C  (around  0.4  mA)  was  applied 
to  lithiate  the  Si  active  material.  After  the  voltage  reached  5  mV 
vs.  Li/Li+,  a  constant  voltage  step  was  carried  out  until  the 
current  had  dropped  to  0.02  C.  The  X-ray  diffraction  analysis  of 
the  resulting  LixSi  phases  has  been  shown  previously  [37].  After 
the  charging  (lithiation)  step,  the  cells  were  carefully  opened  in 
a  dry  room  with  a  D.P.  <  -70  °C,  and  the  retrieved  Si-based 
electrodes  were  rinsed  in  dimethyl  carbonate  (DMC)  and  then 
dried  under  vacuum  for  20  min.  A  total  of  2  mg  of  a  scratched-off 
electrode  material  were  further  sealed  in  hermetic  high-pressure 
DSC  pans  (TA,  USA)  with  the  electrolyte,  which  was  40  wt%  that 
of  the  LixSi.  The  DSC  measurements  were  conducted  with  a  DSC 
Q2000  (TA,  USA)  at  a  temperature  ramp  of  2  °Cmin-1.  When 
necessary,  the  DSC  cells  were  opened  in  a  glove  box  with  both 
the  oxygen  and  moisture  contents  measuring  less  than  1  ppm, 
and  the  retrieved  active  material  was  directly  transferred  to 
a  hermetic  ATR  Golden  Gate  unit  for  the  subsequent  ATR-FTIR 
measurements.  The  ATR-FTIR  spectra  were  recorded  under 
a  nitrogen  atmosphere  using  a  Vertex  70  (Bruker  Optik, 
Germany)  with  a  resolution  of  4  cm-1. 

3.  Results  and  discussion 

3.1.  Electrochemical  properties  of  the  silicon-based  electrode 

The  electrochemical  lithiation  of  the  nano-Si  electrode  was 
conducted  prior  to  measuring  the  thermal  stability.  Fig.  1(a) 
illustrates  the  typical  charge  curves  obtained  for  the  Si-based 
electrode  in  different  electrolytes.  The  specific  capacity  was 
slightly  higher  for  the  Ref  electrolyte  without  additive 
(3875  mAhg-1)  than  for  the  Si  electrodes,  which  were  cycled  in 
FEC10  and  VC10  and  delivered  capacities  of  3750  and 
3776  mAhg-1,  respectively  (see  Table  1  for  the  electrolyte  abbre¬ 
viations).  Examination  of  the  differential  capacity  graphs  in  the 
vicinity  of  the  SEI  layer  formation  potentials  (Fig.  1(b))  shows  that 
the  reductive  decomposition  of  the  Ref  electrolyte  component 
yielded  two  pronounced  peaks  centered  at  830  and  400  mV  vs.  Li/ 
Li+.  The  electrochemical  reduction  reactions  of  electrolytes  con¬ 
taining  additives  tend  to  be  less  intense,  and  the  peaks  of  the 
additive  decompositions  can  be  observed  at  1110  mV  vs.  Li/Li+  for 
FEC10  and  at  1000  mV  vs.  Li/Li+  VC10.  The  peaks  at  approximately 
400  mV  vs.  Li/Li+  are  also  considerably  decreased  by  the  intro¬ 
duction  of  the  additives.  This  observation  confirms  that  FEC  and 
VC  both  decompose  on  the  surface  of  the  Si-based  electrode  and 
form  a  proper  protective  film  in  an  early  stage  of  the  1st  charge, 
which  restricts  further  electrochemical  reduction  of  the  main 
electrolyte  components. 


Table  1 

Compositions  of  the  electrolytes  used  in  this  work. 


Abbreviation 

EC/DEC,  wt% 

LiPF6 

Additive,  wt% 

Ref 

3/7 

1M 

— 

FEC10 

3/7 

1M 

10  (FEC) 

veto 

3/7 

1M 

10 (VC) 

Fig.  1.  The  typical  charge  curves  (a)  and  differential  capacity  plots  (b)  of  the  Si-based 
electrodes  in  various  electrolyte  solutions  measured  in  three-electrode  Swagelok  cell 
with  Li  metal  as  a  counter  and  reference  electrodes.  A  constant  current  of  0.1  C  was 
applied  down  to  5  mV,  after  that  a  constant  voltage  step  was  carried  out  until  the 
current  had  dropped  to  0.02  C. 

3.2.  Thermal  stability  and  ATR-FTIR  ofLixSi  in  contact  with  the  FEC- 
and  VC-containing  electrolytes 

The  thermal  profiles  of  the  lithiated  silicon  electrodes  in  contact 
with  the  electrolytes  are  depicted  in  Fig.  2.  The  curve  presented  in 
Fig.  2(a)  has  already  been  described  in  our  previous  work  [37].  The 
total  amount  of  heat  generated  in  the  region  between  75  and  140  °C 
is  markedly  reduced  for  the  electrolytes  containing  the  additives 
(Fig.  2(b)  and  (c)).  The  exothermic  process  occurring  at  123  °C 
ascribed  to  Na  CMC  esterification,  as  illustrated  in  Fig.  2(a)  [37],  is 
suppressed  by  the  addition  of  either  FEC  or  VC.  The  most  remark¬ 
able  feature  is  the  shift  of  the  main  exothermic  events  up  to  values 
of  200  and  214  °C  for  the  LixSi  in  contact  with  FEC10  and  VC10, 
respectively,  compared  to  the  LixSi-Ref  system,  which  has  an  onset 
at  153  °C,  as  shown  in  Fig.  2. 

The  DSC  experiments  were  ceased  at  200  °C,  as  shown  in  Fig.  2, 
and  ATR-FTIR  spectra  were  recorded  to  reveal  the  reasons  for  the 
thermal  behavior  of  the  LixSi-electrolyte  systems  at  this  temper¬ 
ature  (Fig.  3(a)-(c)). 

(1)  Obviously,  the  spectrum  in  Fig.  3(a)  differs  markedly  from 
those  in  Fig.  3(b)  and  (c).  The  latter  two  spectra  are  dominated 
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Fig.  2.  The  DSC  profiles  of  Li*Si  heated  in  contact  with  the  same  electrolyte  that  was 
used  for  lithiation  at  a  temperature  ramp  of  2  °C  min-1.  The  lithiated  Si-based  elec¬ 
trodes  were  rinsed  in  a  DMC  solvent  and  scratched  off  the  current  collector  prior  to 
DSC  measurements.  The  dashed  line  indicates  the  temperature  at  which  the  ATR-FTIR 
spectra  were  recorded  (see  Fig.  3). 


by  extensive  C=0  stretching  vibrations  of  EC  at  approxi¬ 
mately  1798  and  1772  cm-1.  The  characteristic  ring  stretching 
modes  of  EC  can  be  found  at  1157  and  1064  cm-1  in  Fig.  3(b) 
and  (c),  as  derived  from  the  ATR-FTIR  spectrum  of  EC  with 
LiPF6  in  Fig.  4(a)  [77,78].  In  contrast,  the  spectrum  of  LixSi 
heated  in  contact  with  the  Ref  electrolyte  does  not  show  any 
indication  of  EC  in  Fig.  3(a).  Unfortunately,  the  large  amount  of 
electrolyte  used  in  the  DSC  experiment  does  not  allow  for 
a  clear  observation  of  the  SEI  layer  decomposition  when  in  the 
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Fig.  3.  The  ATR-FTIR  spectra  of  Li*Si  in  contact  with  different  electrolytes  heated  up  to 
200  °C.  The  samples  were  directly  transferred  from  DSC  capsules  to  a  hermetic  ATR 
Golden  Gate  unit  in  a  glove  box.  The  spectra  were  recorded  under  a  nitrogen  atmo¬ 
sphere  with  a  resolution  of  4  cm-1. 


-1 

Wavenumber,  cm 


Fig.  4.  The  ATR-FTIR  spectra  of  the  separate  solvents  and  electrolytes.  The  spectra  were 

recorded  using  hermetic  ATR  Golden  Gate  unit  under  a  nitrogen  atmosphere  with 

a  resolution  of  4  cm-1. 

presence  of  FEC10  and  VC10.  The  peaks  of  the  polycarbonate 
species,  which  are  expected  as  a  result  of  the  reductive 
decompositions  of  FEC  and  VC  [58,68],  may  mostly  overlap 
with  the  C=0  stretching  of  EC  in  Fig.  3(b)  and  (c).  The  ATR- 
FTIR  spectra  of  the  solvents  and  electrolyte  solutions  are 
presented  in  Fig.  4. 

(2)  The  decomposition  products  of  the  EC  give  rise  to  a  group  of 
bands  at  1493,  1407  (asymmetric  and  symmetric  C=0 
stretching)  and  862  cm-1  (OCOCT  bending),  which  corre¬ 
spond  to  Li2C03  [79-81];  the  other  strong  vibrations  at  1045 
(C-O-Li  stretching)  and  512  cm-1  (Li-0  stretch)  belong  to  the 
ROLi  species  in  Fig.  3(a)  [82,83].  The  peak  centered  at 
1093  cm-1  can  be  attributed  to  the  Si-0  stretching  vibration 
in  Fig.  3(a)  [81]. 

(3)  The  Na  CMC  vibrations  can  be  observed  at  approximately  1600 
(COO-  asymmetric  stretching),  1110  and  1042  cm'1  (cellulose 
backbone  stretching)  in  Fig.  3(b)  and  (c)  [84,85],  while  LixSi 
heated  in  contact  with  the  Ref  electrolyte  does  not  contain 
these  bands  (Fig.  3(a)),  which  implies  the  thermal  degradation 
of  the  binder  in  the  latter  case. 

(4)  The  features  at  approximately  1600  cm-1  are  very  broad  in 
Fig.  3(b)  and  (c),  and  it  is  likely  that  several  vibrational  modes 
are  overlapping  in  this  region.  The  presence  of  unsaturated 
compounds  with  a  typical  C=C  stretching  vibration  at 
1600  cm-1  cannot  be  excluded  for  the  LixSi  heated  in  contact 
with  FEC10  and  VC10  [81]. 

(5)  The  prominent  peak  at  1733  cm-1  in  Fig.  3(b),  in  combination 
with  the  features  at  1253  and  1157  cm-1,  can  be  ascribed  to  the 
asymmetric  stretching  of  C=0,  -COO  and-OCC,  which  are  the 
characteristic  groups  of  an  ester  [37,81].  The  latter  signal 
overlaps  with  the  bands  of  EC.  It  is  possible  that  esters  are 
forming  as  a  result  of  esterification  of  the  -COONa  groups  of 
the  Na  CMC  binder  [37].  The  spectrum  of  LixSi  heated  in  contact 
with  VC10  also  contains  small  amount  of  esters,  as  shown  in 
Fig.  3(c). 

(6)  The  broad  features  between  900  and  998  cm-1  and  at 
767  cm-1,  which  are  characteristic  of  a  P-O-C  bond,  are 
assigned  to  the  alkyl  phosphites  as  a  result  of  LiPF6  decompo¬ 
sitions  and  further  reactions  with  the  ROH  or  ROLi  species 
(Fig.  3(a)— (c))  [42,81,86]: 
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DEC^CH3CH2OH  +  c2h4  +  co2 

(i) 

2ROH  +  2Li+  +  2e- 

-»2ROLi  +  H2 

(2) 

PFg  +  2e~  +  3Li+  - 

>3LiF  +  PF3 

(3) 

PF3  +3ROH/ROU- 

+  P(OR)3  +  3HF/LiF 

(4) 

The  corresponding  deformation  vibrations  of  the  CH3  and  OCH2 
moieties  can  be  found  at  1365, 1386  and  1478  cnrT1  in  Fig.  3. 


(7)  Interestingly,  the  largest  amount  of  LiF  is  formed  on  the  surface 
of  the  LixSi  heated  in  contact  with  VC10,  which  is  confirmed  by 
the  broad  peaks  located  at  515  and  595  cm”1  in  Fig.  3(c)  [37]. 

LiF  can  also  be  detected  on  the  surface  of  LixSi  when  heated  in 

contact  with  FEC10  (peaks  at  500  and  598  cm-1  in  Fig.  3(c)). 
There  are  several  possible  ways  for  LiF  to  form  [42,86]: 

LiPF6  <-►  LiF  +  PF5  (5) 

Li2C03  +  2HF^2LiF  +  H20  +  C02  (6) 

Li2C03  +  PF5  ^2LiF  +  POF3  +  C02  (7) 

In  summary,  it  is  clear  that  either  the  FEC10  and  VC10  electro¬ 
lytes  or  the  SEI  layers  derived  from  those  solutions  prevent  the 
thermal  degradation  of  EC  and  Na  CMC  in  the  LixSi-electrolyte 
system  when  heated  up  to  200  °C.  Esters,  LiF,  P-O-C  bonds  and 
some  quantity  of  unsaturated  compounds  are  predominantly 
formed  on  the  surface  of  the  lithiated  Si  particles  when  contacted 
with  FEC10  and  VC10  at  elevated  temperatures.  On  the  contrary,  EC 
and  Na  CMC  decompose  after  heating  the  LixSi-Ref  system  up  to 
200  °C,  which  forms  a  large  amount  of  Li2C03,  ROLi,  alkyl  phos¬ 
phites  and  Si-0  bonds.  The  following  reactions  may  be  triggered 


upon  heating  the  LixSi-Ref  system  [42,87-89]. 

EC  +  2Li+ +2e-^Li2C03 +C2H4  (8) 

2  EC  +  2Li+  +  2e~  —  (CH2OCOOLi)2  +  C2H4  (9) 

(CH2OCOOLi)2  — >Li2C03  +  C2H4  +  C02  +  0.502  (10) 

ROCOOLi  — >  ROLi  +  C02  (11) 


The  thermal  runaway,  which  commenced  at  153  °C  in  Fig.  2(a), 
originated  from  reactions  between  the  Ref  electrolyte  and  LixSi, 
while  direct  contact  between  the  electrolyte  and  the  lithiated 
electrode  material  was  prevented  in  the  FEC10  and  VC10  solutions, 
as  shown  in  Fig.  2(b)  and  (c),  up  to  200  and  214  °C,  respectively. 

3.3.  Thermal  performance  and  structure  of  the  FEC-  and  VC-derived 
SEI  layers 

There  are  several  possible  mechanisms  for  protection  of  the 
lithiated  nano-silicon  electrodes  using  FEC  and  VC  additives  at 
elevated  temperatures:  (a)  the  formation  of  a  thermally  resistive 
SEI  layer  during  the  first  lithiation  event  via  reductive  decompo¬ 
sition  of  the  additives  and  (b)  the  generation  of  a  protective  film  on 
the  electrode  surface  by  thermal  degradation  of  the  additives 
during  heating.  To  investigate  the  first  hypothesis,  DSC  measure¬ 
ments  of  the  LixSi  that  was  lithiated  in  the  additive-containing 
electrolytes  were  conducted  while  in  contact  with  the  Ref  elec¬ 
trolyte.  Fig.  5(a)  and  (b)  illustrate  the  DSC  curves  for  the  Si-based 


Fig.  5.  The  comparison  between  the  DSC  heating  curves  of  Li*Si  in  contact  with 
additive-free  electrolytes  and  the  solvent  mixtures  at  a  temperature  ramp  of 
2  °C  min-1.  The  lithiated  Si-based  electrodes  were  rinsed  in  a  DMC  solvent  and 
scratched  off  the  current  collector  prior  to  DSC  measurements. 

electrodes  lithiated  in  either  FEC10  or  VC10.  The  electrodes  were 
then  washed  in  a  DMC  solvent,  dried  under  vacuum  and  sealed  in 
a  DSC  pan  with  the  Ref  electrolyte.  The  intensities  of  the  thermal 
reactions  appeared  to  decrease  in  temperatures  up  to  150  °C,  and 
the  main  exothermic  events  occurred  at  substantially  higher 
temperatures  (above  198  °C)  compared  to  the  LixSi  lithiated  in  the 
Ref  electrolyte,  which  experienced  an  onset  temperature  of  153  °C 
(Fig.  2(a)).  This  result  can  be  explained  by  the  development  of 
a  protective  coating  of  FEC-  and  VC-derived  SEI  layers  on  the 
surface  of  the  lithiated  Si-based  electrode.  Previously,  it  was  found 
that  EC/DEC  solvent  mixtures  can  trigger  the  thermal  degradation 
of  LixSi  when  cycled  in  a  Ref  electrolyte  at  approximately  105  °C,  as 
shown  in  Fig.  5(c)  [37].  To  further  investigate  the  properties  of  the 
FEC-  and  VC-derived  SEI  layers  on  the  surface  of  the  LixSi  electrodes, 
their  thermal  stability  was  measured  while  in  the  EC/DEC  solvents, 
as  shown  in  Fig.  5(d)  and  (e).  It  can  be  seen  that  the  intense 
exothermic  reactions  commence  at  177  and  196  °C  for  the  Si-based 
electrodes  lithiated  in  FEC10  and  VC10,  respectively,  which 
confirms  the  thermal  resistivity  of  the  FEC-  and  VC-derived 
SEI  layers. 

The  ATR-FTIR  spectra  of  the  Si-based  electrodes  recorded  after 
the  first  cycle  provided  information  on  the  surface  chemistry, 
which  was  derived  from  either  the  additive-free  electrolyte  or  a  VC- 
or  FEC-containing  electrolyte,  and  are  shown  in  Fig.  6.  All  spectra 
presented  in  Fig.  6  contain  features  that  correspond  to  Na  CMC 
(1609,  1407  and  1020-930  cm-1)  [84,85].  The  suppression  of  the 
broad  peaks  in  the  approximate  range  of  1200-1100  cm-1 
(Fig.  6(a))  following  one  cycle  in  each  of  the  electrolytes  reflects 
the  electrochemical  modification  of  the  silicon  oxide  native  layer  on 
the  surface  of  the  silicon  nano-particles.  Strong  vibrations  of  the 
OCOCT  moiety  of  the  Li2C03  at  1500,  1407  and  867  cm-1  can  be 
found  for  all  three  electrodes  in  Fig.  6(b)— (d)  [79-81].  Several 
specific  features  can  be  identified  in  the  spectra  of  the  Si-based 
electrodes  that  were  measured  in  different  electrolytes: 

(1)  The  lithium  alkyl  carbonates  are  characterized  by  bands  at 
1698, 1650  (C=0  asymmetric  stretching),  1443  (CH2  bending), 
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Fig.  6.  The  ATR-FTIR  spectra  of  a  pristine  Si-based  electrode  (a)  and  the  same  electrode 
after  one  cycle  in  (b)  Ref,  (c)  FEC10  and  (d)  VC10.  The  lithiated  Si-based  electrodes  were 
rinsed  in  a  DMC  solvent  prior  to  spectroscopic  measurements.  The  spectra  were 
recorded  under  a  nitrogen  atmosphere  with  a  resolution  of  4  cm-1. 


1375  (CH3  symmetric  deformation),  1306  (C=0  symmetric 
stretching),  1078, 1034  (C-0  stretching),  867  (OCOCT  bending) 
and  595  cnrT1  (Li-0  stretching)  [58,82,89,90].  These  carbon¬ 
ates  form  on  the  Si  particle  surfaces  in  the  Ref  electrolyte  as  the 
main  component  of  the  SEI  layer  (Fig.  6(b)).  A  very  small 
amount  of  ROCOOLi  can  be  observed  for  the  Si-based  electrode 
cycled  in  FEC10.  In  addition,  no  traces  of  those  compounds  can 


be  detected  on  the  surface  of  the  electrode  cycled  in  VC10 
(Fig.  6(c)  and  (d)). 

(2)  The  reductive  decomposition  of  the  FEC  additive  resulted  in  the 
formation  of  a  large  amount  of  LiF  (598  and  510  cm-1)  on  the 
Si-based  electrode  surface  as  shown  in  Fig.  6(c). 

(3)  The  group  of  peaks  located  at  1772-1829  cm'1  in  Fig.  6(c)  and 
(d)  results  from  the  C=0  stretching  modes  of  the  poly¬ 
carbonate  species  that  is  derived  from  the  electrochemical 
decomposition  of  the  VC  and  FEC.  This  finding  is  in  agreement 
with  other  works  [58,68,91  ].  The  C=0  vibrations  of  EC  can  also 
be  observed  in  this  region,  as  shown  in  Fig.  4.  However,  the 
disappearance  of  the  fundamental  ring  vibrational  modes  of 
EC,  which  should  be  visible  at  1200  and  1158  cm-1,  proved  the 
absence  of  ethylene  carbonate  in  the  electrodes  under  inves¬ 
tigation  [77,78]. 

Based  on  the  ATR-FTIR  spectra  and  the  DSC  analyses  of  the  Si- 
based  electrodes  cycled  in  the  Ref,  FEC10  and  VC10  electrolytes, 
we  conclude  that  the  lithium  alkyl  carbonates,  which  are  the  main 
decomposition  product  of  EC,  cause  the  development  of  a  thermally 
unstable  film  on  the  surface  of  the  Si  particles.  Lithium  organic 
carbonates  are  metastable  components  of  the  SEI  layer  and  are 
capable  of  converting  to  Li2C03  or  ROLi  at  elevated  temperatures, 
according  to  Eqs.  (10)  and  (11).  Because  of  this,  they  do  not  provide 
a  thermally  robust  protective  layer  on  the  surfaces  of  the  lithiated  Si 
nano-particles.  The  thermally  destroyed  porous  SEI  layer  is  then 
permeable  to  the  electrolyte  components,  and  interaction  between 
the  electrolyte  and  LixSi  occurs  at  153  °C,  as  presented  in  Fig.  2(a) 
and,  schematically,  in  Fig.  7,  route  A.  In  contrast,  polymerization  of 
VC  and  FEC  on  the  Si  particle  surfaces  in  the  FEC  and  VC10  elec¬ 
trolytes  creates  a  compact  SEI  layer  that  contains  polycarbonate 
species,  which  possess  an  enhanced  thermal  stability.  The  mecha¬ 
nism  of  reductive  decomposition  of  FEC  includes  both  the 
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Fig.  7.  A  schematic  diagram  showing  the  thermal  events  in  the  LixSi-Ref  system  that  occur  while  heating  up  to  200  °C  (route  A).  Thermal  degradation  of  the  SEI  layer  makes  it 
porous  and  permeable  to  the  electrolyte  components,  such  as  EC,  DEC,  and  LiPF6.  Direct  contact  between  the  components  and  Li^Si  initiates  the  thermal  runaway.  The  thermal 
reactions  of  Li*Si  that  was  lithiated  in  the  Ref  electrolyte,  washed,  dried  and  heated  in  contact  with  either  FEC10  or  VC10  are  shown  in  route  B.  Upon  thermal  degradation,  the  FEC 
and  VC  additives  in  contact  with  Li*Si  provide  the  “secondary  SEI”  layer,  which  does  not  allow  direct  interaction  between  Li*Si  and  the  electrolyte. 
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elimination  of  HF  in  the  first  step  to  produce  the  VC  and  subsequent 
electrochemical  polymerization  of  VC.  This  mechanism  was  first 
proposed  by  Aurbach  et  al.  [57].  That  is,  the  electrochemical 
reduction  of  either  FEC  or  VC  leads  to  the  similar  compositions  of 
the  SEI  layers  derived  from  the  FEC-  or  VC-containing  electrolyte 
solutions  so  that  polycarbonates  are  formed  in  both  cases.  Our 
results  confirm  that  polycarbonate-based  SEI  layers  effectively 
prevent  direct  contact  between  LixSi  and  the  electrolyte  while 
heating  to  198  °C  (Fig.  5(a)  and  (b)).  The  layers  also  prevent  contact 
between  LixSi  and  the  EC/DEC  solvent  mixture  up  to  177  and  196  °C 
(Fig.  5(d)  and  (e)).  In  addition,  LiF  generated  on  the  electrode  cycled 
in  FEC10,  which  increases  the  thermal  resistivity  of  the  protective 
surface  film  [75].  Fig.  8  illustrates  a  schematic  representation  of  the 
mechanism  of  Si  nano-particle  protection  by  the  FEC-  and  VC- 
derived  SEI  layers  at  elevated  temperatures. 

Comparison  of  the  DSC  results  obtained  in  presence  of  the  FEC 
and  VC  electrolyte  additives  in  Figs.  2  (b),  (c)  and  5(a),  (b)  shows 
that  the  use  of  VC  results  in  slightly  higher  onset  temperatures  of 
the  exothermic  events.  This  can  be  due  to  more  effective,  SEI  layer 
with  a  different  composition,  thickness,  or  density  formed  in  the 
presence  of  the  VC  additive.  At  the  same  time,  the  peak  centered  at 
around  232  °C  for  the  VC-containing  system  is  particularly  sharp 
and  intensive.  This  may  indicate  that  the  VC-derived  SEI  layer  is 
effective  only  at  temperatures  below  200  °C  while  further  heating 
of  the  sample  results  in  a  more  violent  exothermal  reaction.  At 
contrast,  the  FEC-derived  SEI  demonstrates  protective  properties  in 
the  entire  temperature  range. 

3.4.  Effect  of  FEC  and  VC  additives  on  the  thermal  stability  of  the 
LixSi- electrolyte  system 

To  investigate  whether  the  free  FEC  and  VC  additives  present  in 
the  electrolyte  solutions  influenced  the  thermal  stability  of  the  fully 
lithiated  nano-Si  electrode,  DSC  measurements  were  conducted  for 
the  LixSi  that  was  lithiated  in  the  Ref  electrolyte  and  then  heated 
with  the  additive-containing  solutions.  After  full  lithiation  in  the 
Ref  electrolyte,  the  Si-based  electrodes  were  retrieved  and  rinsed  in 
the  DMC,  dried  under  vacuum  and  sealed  in  a  DSC  pan  with  FEC10 
or  VC10.  This  experiment  completely  excludes  the  influence  of  the 
FEC-  or  VC-derived  SEI  layers  on  the  thermal  resistivity  of  LixSi  in 
contact  with  the  electrolytes.  Fig.  9(a)  and  (b)  clearly  show  the 
onset  temperatures  of  the  main  exothermic  events  to  be  209  and 
204  °C  when  FEC  and  VC,  respectively,  are  used  as  additives.  The 
excellent  thermal  stability  of  LixSi  was  demonstrated  when  in 
contact  with  FEC10  and  VC10  versus  the  LixSi-Ref  system  (shown  in 
Fig.  2(a)).  This  important  result  implies  that  FEC  and  VC  generate 
a  robust  “secondary  SEI  layer”  on  the  surface  of  the  lithiated  Si 
nano-particles  at  elevated  temperatures,  which  cures  the  thermo¬ 
dynamically  unstable  SEI  layer  that  forms  electrochemically  in  the 
Ref  electrolyte  during  the  first  charge,  as  shown  in  Fig.  7,  route  B. 


Fig.  9.  The  DSC  heating  curves  for  Li*Si  lithiated  in  the  Ref  electrolyte  and  then  heated 
in  contact  with  various  electrolytes  and  solvent  mixtures  at  a  temperature  ramp  of 
2  °C  min-1.  The  lithiated  Si-based  electrodes  were  rinsed  in  a  DMC  solvent  and 
scratched  off  the  current  collector.  DSC  measurements  were  performed  in  a  high- 
pressure  hermetic  stainless  steel  pans. 

We  propose  that,  due  to  the  increased  reactivity  of  the  FEC  and  VC 
versus  the  EC,  the  additives  interact  immediately  with  the  newly 
exposed  LixSi  surfaces  during  the  thermal  degradation  process  of 
the  metastable  SEI  layer,  which  occurs  upon  heating  to  yield  the 
polycarbonates.  The  “secondary  SEI  layer”  consists  mostly  of  poly¬ 
meric  species  and  effectively  protects  the  LixSi  particles  from  direct 
reactions  with  the  main  electrolyte  components  EC,  DEC  and  LiPF6. 

We  have  discussed  such  a  “repair  mechanism”  of  the  SEI  in 
previous  works  with  Sn-based  lithium  storage  alloys  [40].  We 
proposed  a  model  for  the  formation  of  a  “secondary  SEI”  repairing 
the  holes  in  the  “primary  SEI”;  the  holes  being  a  result  of  crack 
formation  in  the  underlying  lithium  storage  metal  host  due  to 
strong  volume  expansion.  In  that  case,  the  “secondary  SEI”  was 
formed  by  an  electrochemical  reaction  with  the  electrolyte.  In  this 
work  it  is  formed  by  a  thermal  reaction.  From  the  previous  work 
[40],  the  authors  are  aware,  that  in  addition  to  an  increased  reac¬ 
tivity  of  the  LixSi  with  the  electrolyte  at  elevated  temperatures,  also 
the  volume  changes  induced  by  elevated  temperatures,  for  instance 
by  Li  loss  from  LixSi  due  to  reaction  with  the  electrolyte  might  play 
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No  heat  evolution 


Fig.  8.  A  schematic  diagram  showing  the  protective  function  of  the  FEC-  and  VC-derived  SEI  layers  on  the  surface  of  the  lithiated  Si  nano-particles  during  heating  up  to  200  °C.  The 
SEI  layer,  which  forms  electrochemically,  is  mostly  composed  of  a  polymer  species  and  shows  excellent  stability  at  elevated  temperatures. 
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a  role  for  the  observed  phenomena  in  particular  as  such  reactions 
depend  on  the  electrolyte  composition. 

3.5.  The  influence  of  LiPF6  on  the  thermal  behavior  of  LixSi  in 
contact  with  the  FEC-  and  VC-containing  solvent  mixtures 

The  role  of  the  LiPF6  salt  in  thermal  reactions  between  the  FEC- 
and  VC-containing  electrolytes  in  contact  with  LixSi  might  have 
special  significance  because  this  electrolyte  component  is 
unstable  at  temperatures  above  70  °C  and  is  usually  used  in  high 
concentrations  [92-94].  Fig.  9(c)  and  (d)  illustrate  the  DSC 
thermal  profiles  of  fully  lithiated  silicon  electrodes  heated  in 
contact  with  the  EC/DEC/FEC  or  EC/DEC/VC  solvent  mixtures.  It 
should  be  noted  that  some  traces  of  LiPF6  may  be  present  in  the 
samples  because  complete  removal  of  the  salt  may  be  not  possible 
by  rinsing  the  electrodes  in  DMC  after  lithiation.  However,  the 
DSC  heating  curves  collected  in  the  presence  of  LiPF6  and  without 
the  salt  differ  markedly  from  each  other.  Elimination  of  the  LiPF6 
salt  causes  broadening  of  the  DSC  signals  and  lowers  the  onset 
temperature  of  the  intense  exothermic  reactions.  Thus,  the  main 
exothermic  event  occurs  after  174  °C  for  the  system  of  LixSi-EC/ 
DEC/FEC;  however,  for  the  LixSi-FEC10  system,  this  event  does 
not  occur  until  209  °C.  A  similar  situation  exists  for  the  system 
of  LixSi-EC/DEC/VC,  which  evolves  the  largest  amount  of  heat 
after  192  °C,  while  LixSi-VC10  showed  an  onset  temperature  of 
204  °C  in  Fig.  9.  Clearly,  the  LiPF6  salt  takes  part  in  the  forma¬ 
tion  of  the  “secondary  SEI  layer”  in  a  process  that  shifts  the  onset 
temperatures  of  the  intense  heat  evolved  by  the  LixSi-electrolyte 
systems  to  higher  values.  Whereas  the  decomposition  of  LiPF6  at 
high  temperatures  usually  results  in  fast  capacity  and  power 
fade  [95],  LiPF6  appears  to  be  useful  for  enhancing  the  thermal 
stability  of  the  interface  between  the  lithiated  silicon  particles  and 
the  electrolytes  during  heating.  The  PF6  anion  can  be  reduced 
electrochemically  with  FEC  and  VC  upon  exposure  of  fresh  LixSi 
surfaces  during  the  thermal  degradation  of  the  initial  unstable  SEI 
layer,  as  shown  in  Eq.  (3).  Due  to  its  excellent  thermal  properties, 
LiF  increases  the  stability  of  SEI  layers  at  elevated  temperatures 
[75,96]. 

However,  the  thermal  protection  function  of  LiPF6  is  more 
complex  and  selective  in  terms  of  the  electrode  active  material. 
Fig.  10  illustrates  the  DSC  heating  curves  for  Li  metal  heated  in 
contact  with  FEC10,  VC10  and  with  solvent  mixtures  without  the 
salt.  It  can  be  seen  that  the  presence  of  LiPF6  reduces  the  onset 
temperatures  of  the  exothermic  reactions  between  the  electrolytes 
and  Li  metal,  as  shown  in  Fig.  10.  This  same  tendency  was  observed 
in  our  previous  study  on  Li  metal  heated  with  a  Ref  electrolyte, 
where  the  onset  occurred  at  approximately  170  °C  with  EC/DEC  and 
the  exothermic  reactions  started  at  189  °C  [37].  Here,  we  relate  the 
observed  phenomena  to  the  ability  of  silicon  to  utilize  HF,  which  is 
highly  reactive  and  forms  as  a  product  of  the  thermal  degradation 
of  LiPF6: 

PF5  +  H2O^POF3  +  2HF  (12) 

SiOx  +  4HF  +  2F~  — >  SiF@~  +  xH20  (13) 

It  is  known  that  the  formation  of  silicon  oxides  is  unavoidable 
during  the  cycling  of  silicon  electrodes  [65,67].  Due  to  its  high 
bonding  energy,  the  Si-F  bond  (565  kj  mol-1)  is  stable  even  at 
elevated  temperatures,  but  the  Si-0  bond  (452  kj  mol-1)  is  not 
[66].  Therefore,  the  harmful  influence  of  HF  —  which  is  responsible 
for  a  large  number  of  the  exothermic  reactions  that  occur  in  LIBs 
[42,89,97]  -  is  neutralized  by  interaction  with  the  silicon  active 
material.  The  thermal  resistivity  of  the  LixSi-electrolyte  interface  is 
enhanced  in  the  presence  of  LiPF6  because  of  the  utilization  of  HF.  In 


Fig.  10.  The  DSC  profiles  of  Li  metal  heated  in  contact  with  different  electrolytes  and 
solvent  mixtures  at  a  temperature  ramp  of  2  °C  min”1.  DSC  measurements  were 
performed  in  a  high-pressure  hermetic  stainless  steel  pans. 

contrast,  the  Li  metal-electrolyte  interface  suffers  an  early  thermal 
runaway  caused  by  the  introduction  of  LiPF6  into  the  electrolyte. 

4.  Conclusion 

The  thermal  stability  of  a  fully  lithiated  nano-silicon  electrode 
when  heated  in  contact  with  an  EC/DEC  1  M  LiPFg  electrolyte  was 
investigated  in  the  absence  and  presence  of  10  wt.%  FEC  and  VC 
additives.  The  results  indicate  that  the  electrolyte  additives  play 
crucial  roles  in  enhancing  the  thermal  stability  of  the  SEI  at  elevated 
temperatures.  Thus,  LixSi  lithiated  in  FEC10  or  VC10  and  then 
heated  with  the  same  electrolyte  shows  no  considerable  thermal 
events  up  to  200  °C  and  214  °C,  respectively,  whereas  the  LixSi-Ref 
system  suffers  an  earlier  thermal  degradation,  which  commences 
at  153  °C.  The  mechanism  for  protecting  lithiated  silicon  in  contact 
with  an  electrolyte  by  incorporating  FEC  and  VC  additives  was 
thoroughly  studied.  It  was  found  that  the  SEI  layer  formed  elec¬ 
trochemically  on  the  Si  nano-particle  surfaces  via  reductive 
decomposition  of  the  additives  and  that  the  free  FEC  or  VC  in  the 
electrolyte  solution  is  capable  of  protecting  the  LixSi  from  violent 
exothermic  reactions  with  the  electrolyte  components  at  elevated 
temperatures.  The  ATR-FTIR  analysis  of  the  “primary  SEI”,  which  is 
formed  on  the  surface  of  the  Si  electrode  when  charged  in  different 
electrolytes,  revealed  the  presence  of  a  polycarbonate  species  in  the 
FEC  and  VC  10  electrolytes,  whereas  the  Ref  solution  produced 
metastable  lithium  alkyl  carbonates  as  the  main  “primary  SEI” 
components.  The  polycarbonates  were  found  to  be  responsible  for 
an  enhanced  thermal  stability  of  the  LixSi  with  the  electrolyte. 
Moreover,  the  ability  of  FEC  and  VC  to  immediately  polymerize 
when  in  contact  with  the  newly  exposed  LixSi  at  elevated  temper¬ 
atures  leads  to  the  creation  of  a  robust  “secondary  SEI”,  which 
repairs  any  cracks  and  pores  in  the  “primay  SEI”.  This  accounts  for 
the  positive  effect  of  the  free  additives  on  the  thermal  stability  of 
the  LixSi  (SEI  layer  formed  in  Ref  electrolyte)  with  FEC10  or  VC10. 
Despite  its  well-known  detrimental  effect  on  the  electrochemical 
performance  at  elevated  temperature,  the  LiPF6  salt  appeared  to  be 
useful  for  increasing  the  onset  temperature  of  the  thermal 


148 


I.A.  Profatilova  et  al  /  Journal  of  Power  Sources  222  (2013)  140—149 


reactions  between  LixSi  and  the  electrolytes  to  higher  values  in  the 
presence  of  the  additives. 
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